Previous studies have demonstrated that Friend leukemia virus (FLV) induces a profound immunosuppression in susceptible mice. The studies described in this report indicate that mice infected with FLV have an increased susceptibility to subsequent infection with the opportunistic pathogen Candida albicans, as measured by increased numbers of C. albicans CFU in the kidneys of FLV-infected mice relative to uninfected controls. Experiments in which the NB-tropic and N-tropic strains of FLV were used suggest that virus replication or the resulting virus burden may be important in the observed increased susceptibility to C. albicans. Since neutrophils are believed to be important in the response of mice to systemic Candida infections, the effect of FLV infection on neutrophil candidacidal activity was investigated. The percentage of neutrophils present in unfractionated Proteose Peptone-elicited peritoneal exudates of mice infected with FLV for 14 days was significantly lower than in uninfected control mice or mice infected with FLV for 6 or 10 days. When neutrophils from FLV-infected and control mice were purified, adjusted to equal concentrations, and tested for in vitro candidacidal activity, neutrophils from mice infected with FLV for 14 days were deficient in their ability to kill C. albicans relative to normal controls and mice infected with FLV for 6 or 10 days. Addition of normal mouse serum increased killing in all groups but did not restore candidacidal activity of neutrophils from mice infected with FLV for 14 days to levels of control neutrophils or neutrophils from mice infected for 6 or 10 days with the virus. These results suggest a defect in neutrophil function, at the later stages of FLV infection, involving in vitro candidacidal activity. In addition, neutrophils from FLV-infected mice may be deficient in in vivo chemotactic activity. These defects in neutrophil function could account, at least in part, for the observed increased susceptibility of FLV-infected mice to C. albicans.
Infection of susceptible strains of mice with the murine retrovirus complex Friend leukemia virus (FLV) (3) results in a rapid development of erythroleukemia accompanied by a profound immunosuppression (16) . It has been demonstrated that susceptibility to viral infection and the resulting immunosuppression are under genetic control (26, 31, 37) . This FLV-induced immunosuppression has been shown to affect B-cell function (12, 37, 40) , T-cell function (14, 33, 34, 38, 39) , macrophage function (9, 30) , natural killer cell function (20, 35) , leukocyte migration (19) , and suppressor cell generation (25) . A number of studies have shown that FLV infection suppresses cellular (38) and humoral (11, 12, 37, 40) responses to nominal antigens such as purified protein derivative and sheep erythrocytes. The effect of FLV-induced immunosuppression on the immune response to pathogenic organisms, however, has not been extensively investigated.
In the present study, the effect of FLV infection on the susceptibility of mice to Candida albicans was examined.
C. albicans is a yeast which is part of the normal gastrointestinal flora of humans and is often observed as an opportunistic infection in immunocompromised hosts (41) . Mice are not normal hosts for C. albicans, but they can become infected in an experimental model by intravenous (i.v.) inoculation with live Candida yeasts, resulting in a disseminated disease similar to that seen in humans (41) . The mechanism of resistance to the disseminated form of candidiasis is not entirely clear. Clinical evidence as well as several experimental animal studies suggest that resistance is dependent, at least in part, on neutrophil function (4, 28, 29, 43) . The role of activated T cells (2, 13, 15, 21, 44) and/or activated macrophages (5, 43) in resistance to the disseminated form of the disease is less clear. In contrast, resistance to the chronic mucocutaneous form of the disease appears to be mediated primarily by T-cell-dependent immunity (24) .
Our results indicate that mice infected with FLV have an increased susceptibility to C. albicans, as measured by greater numbers of Candida CFU in the kidneys of mice infected with FLV than in mice infected with C. albicans alone. This observation suggests that FLV-infected mice are unable to generate an effective response against systemic Candida infection. In order to investigate a possible mechanism for the observed increased susceptibility to C. albicans induced by FLV, we studied the effect of FLV infection on neutrophil function. Our studies demonstrate that deficiencies in in vitro neutrophil candidacidal activity as well as in vivo neutrophil chemotaxis in the later stages of FLVinduced disease may contribute to the increased susceptibility of FLV-infected mice to Candida infection. In addition, it appears that virus replication or the resulting increase in virus burden may be an important factor in this increased susceptibility to Candida infection.
MATERIALS AND METHODS
Mice. In these experiments, 5-to 10-week-old female BALB/cAn mice obtained from the National Cancer Insti-FLV infection. Two polycythemic strains of FLV were used in these experiments. The NB-tropic strain (NBFLV) is maintained by passage in susceptible (Fv-lb homozygous) BALB mice (31) . The Neutrophil killing of C. albicans. The assay for neutrophil candidacidal activity was modified from the protocol reported by Djeu et al. (18) . Fifty microliters of neutrophils adjusted to 1.5 x 106, 8 x 105, or 1 x 105/ml was added to triplicate wells of a 96-well microtiter plate. After incubation for 30 min at 37°C in 5% CO2, contaminating nonadherent cells were removed by gentle washing with warm assay medium, and 50 [LI of fresh medium with or without 5% normal mouse serum was then added to the wells. Fifty microliters of C. albicans yeast cells adjusted to 5 x 103/ml in neutrophil assay medium with or without 5% normal mouse serum was added to the wells with neutrophils. These concentrations of neutrophils and C. albicans yielded effector/target ratios of 300:1, 160:1, and 20:1, respectively. Control wells contained either neutrophils only or C. albicans only. Plates were incubated for 18 h at 37°C in 5% C02, after which the wells were washed twice with sterile distilled H20. Twenty-five microliters of D-[5,6-3H]glucose (NET-807, 60 to 90 Ci/mmol; Dupont, NEN Research Products, Boston, Mass.), adjusted to 10 ,Ci/ml in sterile distilled H20, was added to the wells, and the plates were incubated for 20 min at 37°C. Fifty microliters of bleach was added to each well to remove adherent hyphae, the wells were harvested onto glass fiber filters by using a Ph.D. cell harvester (Cambridge Technology, Inc., Watertown, Mass.), and label was counted on a beta counter. This protocol was found to yield results in which the uptake of 3H-glucose was proportional to the amount of Candida growth in the wells (data not shown). Results are expressed as percent inhibition of C. albicans growth by neutrophils, which was calculated as follows: percent inhibition = [1 -(cpm of wells containing C. albicans plus neutrophils/cpm of wells containing C. albicans only)] x 100.
RESULTS
Effect of FLV infection on clearance of C. albicans from the kidneys. Experiments were conducted to determine the effect of FLV infection on susceptibility of mice to C. albicans. Animals were inoculated with NBFLV 5 days before i.v. challenge with C. albicans to eliminate the possible effect of transient (1-to 3-day) interferon-mediated immunosuppression on C. albicans growth (6, 10) . We chose to measure C. albicans growth in the kidneys, since previous studies have shown that the kidneys are the primary site of replication of C. albicans in infected mice (42) . For these studies, mice were divided into two groups: group 1 received NBFLV 5 days prior to challenge with C. albicans, and group 2 received C. albicans alone. Mice were sacrificed 1, 7, 10, and 14 days after challenge with C. albicans. Results of a representative experiment are shown in Table 1 . On day 1 after inoculation with C. albicans, there was no difference in the numbers of C. albicans CFU recovered from the kidneys of mice in groups 1 and 2, indicating that both groups received the same dose of yeast cells. At days 7, 10, and 14 after inoculation with C. albicans, the number of CFU in the kidneys of mice which had received FLV continued to rise. In contrast, mice which received C. albicans alone had significantly fewer CFU in their kidneys at days 7 and 10 than did FLV-infected mice, and they had virtually cleared the infection by day 14 postchallenge. It is apparent from these experiments that mice inoculated with NBFLV prior to C. albicans infection are less able to eliminate C. albicans or to prevent its replication in the kidney than are uninfected control mice. These results suggest that the previously reported NBFLV-induced immunosuppression which was found to affect cellular and humoral responses to nominal antigens (11, 12, 37, 38, 40) also affects immunity against a pathogenic organism.
Comparison of the effects of NBFLV and NFLV on clearance of C. albicans from the kidneys. Since previous studies have shown that virus replication may be an important factor in the induction of immunosuppression (10, 31) , experiments to determine whether virus replication was required for increased susceptibility of mice to C. albicans were performed. For these studies, the growth of C. albicans in mice inoculated with NBFLV was compared with growth in mice inoculated with NFLV. NFLV replicates 100-to 1,000-fold less efficiently in BALB/c cells than does NBFLV, by virtue of the expression of the Fv-1 b allele by this mouse strain (31) . The effect of virus replication on susceptibility to C. albicans was examined by infecting mice with 1.3 x 103 FFU of NBFLV or NFLV and challenging them 5 days later with C. albicans. Mice were sacrificed 10 days after challenge with C. albicans, and the number of CFU in the kidneys was determined. The mean number of CFU (+ standard error of the mean) recovered from the kidneys of NBFLV-infected mice ( [2, (Fig.  1) . Neutrophils from mice infected with FLV for 6 or 10 days inhibited the growth of C. albicans in a manner indistinguishable from that of normal controls (Fig. 1A and B) . Neutrophils from mice infected with FLV for 14 days, on the other hand, were unable to inhibit the growth of C. albicans in this assay, even at a ratio of 300 neutrophils to 1 Candida yeast cell (Fig. 1C) . Addition of normal mouse serum to the cultures (which does not affect the growth of C. albicans in the absence of neutrophils) enhanced the ability of neutrophils in all groups to inhibit the in vitro growth of C. albicans ( Fig. 1) . Addition of normal mouse serum did not, however, restore in vitro candidacidal activity of neutrophils from mice infected with FLV for 14 days to control levels. At all three effector-to-target ratios, there was a significant decrease in killing ability of neutrophils from mice infected for 14 days with FLV compared with normal controls (Fig. 1C) . These results indicate that although neutrophil candidacidal activity appears to be intact at 6 and 10 days after infection with FLV, neutrophils from mice infected for 14 days with FLV are grossly deficient in their ability to kill C. albicans in vitro. This deficiency is most dramatic when normal mouse serum is not present in the cultures. In the course of these studies, we observed that when samples of unfractionated Proteose Peptone-elicited peritoneal exudate cells from control mice and mice inoculated with NBFLV 6, 10, and 14 days earlier were cytocentrifuged and analyzed for neutrophil content by differential staining, the percentage of neutrophils present in the peritoneal exudates of mice infected with FLV for 14 days was consistently significantly lower than that in exudates of control mice or mice infected with FLV for 6 days (data not shown) or 10 days (Table 2) . These results suggest a defect in the ability of neutrophils from mice infected with FLV for 14 days to migrate by chemotaxis from the blood into the peritoneal cavity in response to a sterile inflammatory agent. In contrast, in vivo neutrophil chemotactic activity in response to Proteose Peptone appears to be intact in mice infected for 6 or 10 days with FLV. DISCUSSION The studies described in this report were initiated to examine the effect of infection of mice with FLV on susceptibility to the opportunistic fungal pathogen C. albicans. Although the fact that FLV induces immunosuppression has been known for quite some time, the effect of FLV infection (or infection by any other retrovirus) on susceptibility to pathogenic organisms has not been extensively investigated. Certain studies have demonstrated a decrease in the antibody response to Ascaris antigen (48) and Escherichia coli (23) . Another retrovirus, LP-BM5, has been demonstrated to cause the abrogation of resistance to severe mousepox in C57BL/6 mice (8) . Although a recent study has shown that infection of mice with lymphocytic choriomeningitis virus causes increased susceptibility to the opportunistic fungal pathogen Histoplasma capsulatum (47) , to our knowledge the present study is the first in which infection with a retrovirus has been demonstrated to increase susceptibility to a fungal infection in a mouse model. It is clear from this study that mice receiving FLV 5 days prior to inoculation with C. albicans demonstrate increased susceptibility to infection with C. albicans, as measured by a 2-to 4-log increase in the number of C. albicans colonies recovered from the kidneys of NBFLV-infected mice compared with mice infected with C. albicans alone. These results suggest that FLV modulates the activity of a cell(s) involved in eliminating a systemic Candida infection.
The cells involved in mediating resistance to systemic C. albicans infection have not been clearly defined. The role of T-cell-mediated immunity in the response to systemic C. albicans infection is particularly controversial. In this regard, evidence both for (2, 13, 21) and against (15, 44) a role for T cells in systemic Candida infection has been reported. In addition, the extent of involvement of activated macrophages in resistance is unclear (5, 43) . Numerous reports, however, have provided evidence that PMN are responsible, at least in part, for eliminating a systemic C. albicans infection in both humans (28, 29) and mice (4, 43) . For this reason, in order to investigate the mechanism by which FLV causes increased susceptibility to infection with C. albicans, we decided initially to examine the effect of FLV on PMN candidacidal activity.
Results of these experiments suggest a defect in neutrophil function at day 14 after infection with FLV. Specifically, we found that mice infected with FLV for 14 days, but not for 6 to 10 days, were deficient in their ability to inhibit the growth of C. albicans in vitro. The presence of normal mouse serum in the cultures, which presumably provides a source of opsonin, only partially restored the ability of neutrophils from FLV-infected mice to inhibit Candida growth relative to normal controls. These results indicate that neutrophils from mice infected for 14 days with FLV have a deficiency in in vitro candidacidal activity. The fact that decreased candidacidal activity is more dramatic in the absence than in the presence of normal mouse serum suggests that this deficiency may involve effects on non-complement-receptormediated uptake and killing of C. albicans.
In addition, a deficiency in the in vivo chemotactic function of neutrophils was suggested by the observation that fewer PMN were present in Proteose Peptone-elicited peritoneal exudates of mice infected with FLV for 14 (17, 36, 45) , granulocyte-macrophage colony stimulating factor (32, 46) , and interleukin-6 (7). Since FLV has been shown to affect T-cell function (14, 33, 34, 36, 38, 39), the increased susceptibility to fungal infection may be due not to a direct effect on PMN but rather to an effect of virus on T cells which may be needed to activate PMN to kill C. albicans in vivo.
Infection with C. albicans is often seen in individuals infected with human immunodeficiency virus (41) . Since a number of recent studies have suggested defects in PMN function in these individuals (1), investigation of the mechanism by which FLV infection modulates PMN function may provide insight into the association between human immunodeficiency virus infection and infection with C.
albicans.
